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I t  is general ly  known t h a t  at high a l t i t u d e s  muscular work i s  connected 
with much g rea t e r  e f f o r t  than on t h e  level  under normal atmospheric pressure ;  
under these  condi t ions even r e l a t i v e l y  l i t t l e  in t ens ive  muscular work causes 
s i g n i f i c a n t  a l t e r a t i o n s  i n  r e s p i r a t i o n ,  changes which would occur a t  s e a  l e v e l  
only af ter  extremely hard work, and which cannot be continued over a long 
pe r iod  o f  time s ince  fa t igue  s e t s  i n  quickly; as the  same dis turbances,  which 
a r e  c h a r a c t e r i s t i c  of mountain s ickness ,  s e t  i n  very e a s i l y ,  one can a c t u a l l y  
be l i eve  tha t  mountain s ickness  i s  caused i n  p a r t  by f a t igue .  
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HUMAN A B I L I T Y  TO WORK U N D E R  D E C R E A S E D  A I R   PRESSURE^ 

R. Margaria 

ABSTRACT. Laboratory t e s t s  were ca r r i ed  out  under decreased 
atmospheric pressures .  Test  sub jec t s  worked a t  t h e i r  Own 

e r  wh ich  p a r t i a l l y  actuated a gener- 
amperage d I f f e renc 
kllagrmn meters 'pe 
rs prevented 3 wt o f  K'Bubjects 

from accomplishing h i s  s e t  goal o f  10 m i n u t e s  work ( a f t e r  
4 t r i a l s ) .  O n l y  one was able to complete a t e s t  a t  7000 
meters. Work i n  these high atmospheres led to  euphoria;  
l a c k  of motor, perception and memory a b i l i t i e s ;  f a i n t i n g  
condi t ions.  
t r a c t i o n  o f  other  muscle groups was general ly  noted. 
Respiration remained regular  and d e e p ,  though slow. Anoxemia 
works f i r s t  on t h e  muscles and t h e n  on the cent ra l  nervous 
system. 

Mimetic muscular f i b r i l l a t i o n  and s p a s t i c  con- 

Introduction and References 

De F i l i p p i  [l], who took p a r t  i n  t h e  expedi t ion o f  the  Duke of Abruzzi 
t o  t h e  Karakorum Range i n  the  year  1909, even advocates the  view t h a t  mountain 
s ickness  can be ascr ibed  so le ly  t o  muscular s t r e s s .  
b e l i e f  w a s  t h e  observat ion t h a t  up t o  heights  of 7500 meters above s e a  l e v e l  
an acc l imat iza t ion  can be f u l l y  accomplished, following which hea l thy  i n d i v i -  
duals  who a t t a i n  these he ights  gradually can remain-in the  b e s t  hea l th  f o r  a 
long t i m e ,  as if under normal a i r  pressure.  

The bas i s  f o r  t h i s  

From t h e  Physiological  Laboratory of t h e  Royal Universi ty ,  Turin,  Professor  
A. Her l i t zka ,  Di rec tor .  
Numbers i n  the  margin ind ica t e  pagination i n  the  fore ign  t e x t .  
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Therefore, only muscular work is  made d i f f i c u l t  a t  these  a l t i t u d e s ;  
av ia to r s  r epor t  no t i c ing  a grea t  muscular weakness when they f l y  at g rea t  
a l t i t u d e s ,  even when they must accomplish an extremely simple t a s k ,  such as 
taking a photograph, and Major Hingston [ Z ] ,  i n  t he  las t  expedi t ion t o  Mount 
Everest  i n  t h e  year  1924, observed t h a t  at a l t i t u d e s  over 6000 meters muscu- 
l a r  work d id  no t  evoke ac tua l  f a t igue  as under normal atmospheric pressure ,  
but  r a t h e r  t he  f ee l ing  of burden and l a s s i tude ,  which disappeared a f t e r  a 
b r i e f  r e s t .  

The f a c t  t h a t  work capab i l i t y ,  t h a t  i s  the  maximum output o f  work which 
an ind iv idua l  can perform i n  a spec i f i ed  time, decreases with lessening  a i r  
pressure  i s  clear when one th inks  o f  the r o l e  which oxygen plays i n  the  
phenomena which accompany muscular work. 
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According t o  the  researches of A. V. H i l l  [ 3 , 4 ] ,  and Meyerhoff, muscular 
cont rac t ions  occur i n  an anerobic s t a t e ,  s o  t h a t  t he  energy i s  developed a t  
t h e  cos t  o f  t he  transformation of  t he  glycogen, which i s  found i n  t h e  muscle, 
i n t o  l a c t i c  ac id ,  which then i n  the  presence of  oxygen is  i n  p a r t  oxidized 
and i n  p a r t  retransformed i n t o  glycogen. 

The oxidat ion process of t h e  l a c t i c  a c i d  and the  reproduction o f  t he  
glycogen w i l l  n a t u r a l l y  progress with a ve loc i ty  which i s  a func t ion  o f  t h e  
concentrat ion of t h e  oxygen and the  l a c t i c  ac id  - -  i f  we simply agree with 
Barcrof t  [5], t h a t  it i s  a physical-chemical system which obeys the  law of  
mass e f f e c t .  Consequently, i f  t h e  concentration o f  oxygen decreases ,  t h e  
oxida t ion  of t h e  l a c t i c  acid and i ts  retransformation i n t o  glycogen proceeds 
more slowly. And s ince  the  concentration o f  l a c t i c  ac id  i n  the  muscles and 
t h e  blood cannot exceed a c e r t a i n  l i m i t  without f a t igue  and i n a b i l i t y  o f  the  
muscles t o  cont rac t  s e t t i n g  i n ,  it follows t h a t  f a t igue  as a r e s u l t  of work 
w i l l  be  quicker  t he  lower the  p a r t i a l  pressure of t he  oxygen becomes. 

The long-known f a c t  t h a t  f a t igue  in  i s o l a t e d  muscles develops much more 
quickly if it i s  loca ted  i n  an atmosphere weak i n  oxygen than i n  one r i c h  i n  
oxygen affords  a confirmation of  t h i s  assumption i n  addi t ion  t o  t h e  observa- 
t i o n s  descr ibed above, which were made on the  e n t i r e  organism (Fle tcher  [6] ) .  

Observations made on human beings,  however, a r e  sparse  and, although 
incon t rove r t ib l e ,  a r e  almost al l  based upon sub jec t ive  f ee l ings  o f  decreased 
work c a p a b i l i t y  without ou r  knowledge as t o  how much t h i s  work capab i l i t y  
dec l ines  as a funct ion of  t h i s  decrease i n  atmospheric pressure .  The s tudy 
o f  "work capab i l i t y"  under decreased atmospheric pressure  was much neglected,  
while t he  conditions under which a spec i f i ed  t a s k  was accomplished (changes 
i n  b rea th ing  environment, oxygen consumption, modifications i n  brea th ing ,  
pu l se ,  e t c . )  have been very thoroughly researched. 

The only  q u a n t i t a t i v e  determination of work capab i l i t y  a t  low atmospheric 
pressure  which I have found i n  l i t e r a t u r e  a re  those o f  A. Moss0 [7],  which 
c o n s i s t  of ergographic measurements conducted on t h e  same accl imat ized person 
a t  s e a  l e v e l  and i n  the  Queen Margherita Hut on Monte Rosa (4560 meters above 
sea l e v e l )  ; he made t h e  observation t h a t ,  while t h e  form of  the  ergographic 
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curve i n  both experiments did not change, t h e  work which was done i n  the  Queen 
Margherita Hut was a l i t t l e  l i g h t e r ,  viz.  2.828 kg/m as compared with 3.48 kg/m 
which was done i n  the  experiments at  Turin. 

This s i n g l e  observation o f  Moss0 i s  on ly  based on f a t i g u e  i n  a s i n g l e  
muscle and does not  take i n t o  considerat ion the  general  evidences of f a t i g u e  
which occur when one places  a l a rge  par t  o f  the  muscles i n  the  body i n t o  
ac t ion .  

I have attempted t o  determine how great the  maximum work c a p a b i l i t y  o f  
a human being is when severa l  muscle groups p a r t i c i p a t e  i n  work, as is  t r u e  
i n  most cases i n  mountain climbing o r  i n  f l y i n g .  
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Arrangement o f  Experiment 

The arrangement used by me consis ted of  having persons who had vo lun ta r i ly  
made themselves ava i l ab le  and who had been f u l l y  in s t ruc t ed  about the  purpose 
of t hese  experiments perform the  maximum amount o f  work which they could 
accomplish a t  t h e i r  own pace i n  a d e f i n i t e  time per iod (10 o r  15 minutes) on 
a cycle  ergometer and recording the  accomplished work a t  various times up t o  
the  completion of  the  experiment. 

The wheel of t he  ergometer, which was s e t  i n  motion by a chain d r ive  l i k e  
the  rear wheel of an ordinary two-wheel b i cyc le ,  was connected by a b e l t  t o  
t h e  ax le  of a generator  which was independently ac t iva t ed  by a s torage  b a t t e r y .  
When the  ac tua t ion  was a l t e r e d ,  t he  r e s i s t ance  caused by t h e  r o t a t i o n  a l s o  
changed propor t iona l ly  t o  t h a t  from the  genera tor ,  and with constant ac tua t ion  
t h e  electromotive force  on t h e  brushes was proport ional  t o  t h e  r o t a t i o n  speed 
of t h e  genera tor .  

The c h a r a c t e r i s t i c s  of the  generator were as follows: 25  v o l t s ,  1 2  
amperes, 1200 r p m .  
of very low r e s i s t a n c e ,  s o  t h a t  a precis ion ammeter (0 - 3 A) which w a s  l a i d  
p a r a l l e l  t o  the  brushes,  showed the  a l t e r a t i o n s  i n  cur ren t  during the  experi-  
ment with s u f f i c i e n t  prec is ion .  The square o f  the amperage was s e l e c t e d  as 
the  measure of work, and from t h i s  value t h e  measurement i n  kilogram meters 
p e r  second w a s  converted; I was ab le  t o  do t h i s  by t h e  knowledge of the  work- 
i n g  l e v e l  of t he  e n t i r e  bicycle-generator system, which was c a l i b r a t e d  by 
means of a motor of known working l eve l .  

The brushes were sho r t - c i r cu i t ed  by an ordinary copper wire 

The t e s t  sub jec t s  were a l l  prac t iced  i n  t h i s  work, which accounts f o r  
t h e  r e g u l a r i t y  of t h e  curve and f o r  the constancy of  the  values which were 
obtained with each t e s t  subjec t  under normal  atmospheric pressure before  t h e  
experiments under reduced air pressure  began. 

A l l  t e s t  persons had a ce r t a in  f a m i l i a r i t y  with the  pneumatic chamber; 
they were no t  informed of the  negat ive outcome of t he  t e s t  under extremely 
low p res su res  which had been received from o the r s ,  i n  order  t o  exclude t h e  
inf luence  of t he  psychic f a c t o r  i n  t h e  performance of t he  work. 
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Work was begun as soon as t h e  desired pressure  reduct ion was achieved; 
a t  the  end of t h e  work the  tes t  persons were completely exhausted so  t h a t  they 
of ten  had t o  s t r e t c h  out  on the  f l o o r  with completely f l a c c i d  muscles i n  order  
t o  be able  t o  change t h e i r  c lo thes .  
i n  the  Margherita Hut, a weight l o s s  of 400 t o  500 grams was noted,  mostly as 
a r e s u l t  of pe r sp i r a t ion .  

I n  some experiments conducted a t  24' 

Three o f  t he  t e s t  persons were s tudents  22 years  old;  t h e  four th  Mar., /264 
27  years  old;  a l l  were o f  normal cons t i t u t ion ,  and i n  complete h e a l t h  a t  t he  
time of t h e  experiments. 

Results of the Experiment 

In  t h e  curves published here in ,  I am summarizing the  e n t i r e  experiment 
r e s u l t s  f o r  each person; I have entered t h e  p o t e n t i a l  i n  mkg p e r  second as  
a func t ion  of  the  time elapsed from the beginning of the  work. The values 
which r e f e r  t o  t h e  experiments conducted under normal barometric pressure  a r e  
mean values  from at  l e a s t  th ree  tests,  one o f  which was made a t  t h e  end, a f t e r  1265 
t h e  experiments at decreased atmospheric pressure .  
experiment was done f o r  each pressure  leve l  ; they were conducted chrono- 
l o g i c a l l y  between the  experiments a t  normal atmospheric pressure .  

Of the  l a t t e r ,  only one 

Only the  t e s t  person Mar. [ t r a n s l .  no te :  
the  name, no t  the  noun f o r  a male] was not  ab le  t o  complete the  work f o r  t h e  
prescr ibed  length of time (10 minutes) a t  5000 meters (406 mm Hg) t h e  first 
time, s i n c e  he stopped a f t e r  6 t o  7 minutes, completely exhausted; he had t o  
repea t  t h e  test  four  times before  h e  was ab le  t o  complete the  10 minutes. 

This i s  an abbreviat ion f o r  

The experiment a t  7000 meters (316 mm Hg) was only completed by one tes t  
person,  s i n c e  the  o thers  could no t  stand such low pressure .  Of t h e  o the r s ,  
only Gol. came t o  316 mm Hg without d i f f i c u l t y ;  when questioned about h i s  
physical  condi t ion ,  he answered t h a t  he f e l t  good and declared himself ready 
t o  ca r ry  out  t he  work. I gave the  s igna l  t o  begin; bu t  Gol. was only ab le  t o  
complete a few pedal revolut ions i n  f i f t e e n  seconds f o r  an output of 8 t o  10 
kgm-sec when he stopped. He w a s  pa le ,  had s leepy eyes,  and slow, shallow 
r e s p i r a t i o n ;  c lon ic  cont rac t ion  of a convulsive na ture  occurred i n  the  arms 
and l e g s ;  between one contract ion and another he began again and again t o  tu rn  
t h e  peda ls  slowly without understanding my repeated in s t ruc t ions  t o  s top .  
Res tora t ion  t o  normal a i r  p ressure  was begun immediately; a t  a pressure  of 
450 mm t h e  t e s t  person seemed t o  wake up and a t  520 mm he had completely 
regained h i s  normal appearance. 
i ng  t h e  e n t i r e  compression per iod  up t o  t h a t  moment he  had not swallowed 
and he asked me why I had not given the o rde r  t o  begin work; he was q u i t e  
as tonished  when I t o l d  him t h a t  he had not been f e e l i n g  well  and w e  had 
re turned  t o  normal pressure;  he himself r e c a l l e d  nothing about i t .  

He had severe pains  i n  h i s  e a r s ,  because dur- 
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A t  a pressure  of 330 mm (about 6500 meters) the  o ther  two t e s t  persons 
exh ib i t ed  severe p a l l o r  and cyanosis of the  l i p s ,  and s ince  they d id  not  even 
have t h e  s t r eng th  t o  remain s i t t i n g  on t h e  b icyc les ,  they s t r e t ched  themselves 
o u t ,  completely as leep ,  i n  a corner on t h e  f l o o r  o f  t h e  chamber; t h e i r  faces  
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took on a completely collapsed appearance, and they were ab le  t o  grasp what 
was s a i d  t o  them from outs ide  only w i t h  great e f f o r t  and a f t e r  a long delay. 
For t h i s  reason, we decided against  any f u r t h e r  decrease i n  pressure.  

Af te r  they had come out  of the  chamber they declared t h a t  they f e l t  
completely well  and were very surpr i sed  t h a t  I would not  expose them t o  a more 
severe decrease i n  pressure.  
of du l lness ,  t h e  extreme weakness and almost unconsciousness i n  which they 
had found themselves a t  the  lowest pressure achieved. 

They could no t  i n  t h e  l e a s t  account f o r  the  s t a t e  

The symptomatology of t h e s e  t e s t  persons had many similarities t o  t h a t  of 
%hose two tes t  persons who were brought t o  a pressure  of 115 mm Hg i n  an 
atmosphere of pure oxygen in  our own laboratory by Senior  S t a f f  Doctor T a l e n t i  
[SI, i n s o f a r  as i n  both cases t h e  tes t  persons came t o  the  threshold of  uncon- 
sciousness  and not  only did not no t i ce  t h e i r  abnormal condi t ion,  but  ac tua l ly  
were i n  a euphoric s t a t e .  

A f u r t h e r  po in t  o f  s i m i l a r i t y  between the  symptomatology of pressure  
reduct ion i n  an a i r  atmosphere and o f  t h a t  i n  an oxygen atmosphere is i n  the  
muscle con t r ac t ions ,  which were more o r  l e s s  l imi t ed  t o  some muscle groups. 
Ta len t i  had s p e c i f i c a l l y  noted f i b r i l l a r y  cont rac t ions  of the  mimetic muscles, 
which I was a l s o  ab le  t o  observe,  s ince  I had the  opportuni ty  t o  s i t  i n  on 
h i s  experiments. In  my experiments the  cont rac t ions  which occurred with Gol. 
were much more severe ,  s ince  they were true cont rac t ions  o f  a convulsive 
na tu re  of e n t i r e  and extended muscle groups. 
me a t  7000 meters, I myself not iced a tension o f  t he  mimetic muscles and some- 
what d i sagreeable  s p a s t i c  cont rac t ion  of t h e  hypotenar muscles o f  t h e  r i g h t  
hand, which I could not  e l imina te  e i t h e r  by a l t e r i n g  t h e  pos i t i on  of  t h e  
hand o r  by any o the r  means. 

In  t h e  experiment conducted by 

However, w e  f i n d  one d i f fe rence  between t h e  experiments i n  t h e  a i r  and 
i n  oxygen, and t h a t  is  i n  reference t o  r e sp i r a t ion ;  while i n  T a l e n t i ' s  exper i -  
ments t he  t e s t  persons in sp i r ed  increasingly smaller volumes of a i r  and a t  
t he  end a c t u a l l y  ceased t o  brea the  without ye t  los ing  consciousness, t h e  t e s t  
persons i n  my experiments breathed completely normally, even a t  the  lowest a i r  
p ressure .  
a l t i t u d e  of 6500 meters,  c e r t a i n l y  d i d  not f i n d  themselves i n  b e t t e r  condi t ion 
than Talenti 's  test  persons, so t h a t  they had t o  throw themselves on t h e  f l o o r ,  
completely exhausted, while the  l a t t e r  were s t i l l  ab le  t o  s i t  on a cha i r .  In  
s p i t e  of t h i s ,  they  s t i l l  had a regular  and deep, even i f  slow (10 t o  1 2  p e r  
minute) r e s p i r a t i o n ,  s o  t h a t  i t  could be observed with c e r t a i n t y  t h a t  the  lung 
v e n t i l a t i o n ,  even though it was not poss ib le  t o  measure i t ,  s t i l l  d e f i n i t e l y  
reached much higher  l e v e l s  than i n  T a l e n t i ' s  experiments, i n  which these  
values  amounted t o  about 4 l i t e r s  i n  one minute. Also, while i n  the  exper i -  
ments i n  pure oxygen up t o  115 mm Hg the dec l ina t ion  i n  lung v e n t i l a t i o n  was 
the  p r i n c i p l e  and most se r ious  f ea tu re ,  t h i s  occurrance was not  t o  be not iced  
i n  t h e  experiments i n  an a i r  atmosphere up t o  320 mm Hg. 

The two t e s t  persons Man. and Gya. who only reached a f i c t i o n a l  
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This f a c t  demonstrates once again what has a l ready been determined by me 
elsewhere i n  animal experiments [8] and by Talen t i  [9] on the  b a s i s  o f  human 
experiments, t h a t  ac tua l ly  t h e  decrease i n  a i r  pressure  i n  an a i r  atmosphere 
cannot be equated with t h a t  i n  an oxygen atmosphere, t h a t  t he re fo re  the  reduc- 
t i o n  of t h e  p a r t i a l  t ens ion  of  oxygen alone is not  s u f f i c i e n t  t o  explain 
the  hypobaropathy, as those adherants of anoxemia as an explanation o f  moun- 
t a i n  s ickness  have claimed (Barcroft  [ S I ,  Haldane [ l o ] ) .  

Discussion of the Results 

If w e  now go over the  curves of the work accomplished by t h e  ind iv idua l  
test persons at var ious pressures  f o r  a check, we see  first of a l l  t h a t  t h e s e  
curves show an i n i t i a l l y  r ap id  decrease i n  work output  u n t i l  it reaches a 
constant value,  which i s  maintained u n t i l  t he  end of the  experiment. A l l  t h e  
curves d i f f e r  f r o m  one another only i n s i g n i f i c a n t l y  i n  shape, bu t  considerably 
on t h e  o t h e r  hand i n  t h e  he ight  o f  t he  constant work. 
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Figure 1. Test  Person Gol. 
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Figure 2 .  T e s t  Person Mar. 

A t  t h e  beginning of t h e  work periods,  t he  work curves gained a t  t h e  var ious 
p re s su res  are completely congruent, which i s  probably connnected with t h e  fact 
t h a t  t h e  re leased  energy o r ig ina t e s  f o r  t he  most p a r t  from anaerobic cleav- 
ages which occur i n  t h e  muscles and consequently is  t o  a c e r t a i n  degree 
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independent of the  oxygen pressure.  
recuperat ion of t he  muscle through oxidat ive processes,  no f u r t h e r  work output 
can occur;  t h i s  i s  the re fo re  quan t i t a t ive ly  l imi ted  by the  oxygen then a v a i l -  
ab le .  In  fact, we see  t h a t  with the  reduction of the  atmospheric, and con- 
sequent ly  a l s o  the  oxygen, pressure the curve fa l l s  o f f  much more quickly and 
sharply,  t o  ad jus t  i t s e l f  t o  an approximately constant  value;  t h i s  value is  
s i g n i f i c a n t l y  lower than a t  normal barometric pressure .  

Later, however, as long as the re  i s  no 
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Figure 4 .  T e s t  Person Man. 

Perhaps t h e  most i n t e r e s t i n g  r e su l t  of t hese  curves i s  j u s t  t h i s  value,  
which the  output assumes a c e r t a i n  time a f t e r  the  beginning of t he  work, a 
value which can be maintained constant  f o r  severa l  minutes and which we can 
with s u f f i c i e n t  accuracy ( a l l  t h e  more s ince  it i s  a r e l a t i v e  value) consider 
as t h e  output  which the  organism i s  capable of developing over an i n f i n i t e  
time . 

If  w e  pos tu l a t e  t h e  output which is  developed by an individual  at normal 
atmospheric pressure  i n  the  phase o f  constant work a s  equal t o  100, we rece ive  
the  va lues  summarized i n  the  following t a b l e ,  which has  been drawn from the  
mean va lues  o f  the  curve i n  Figure 5 f o r  the decreased pressure .  
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TABLE 1 

a t  pressure values below 400 mm. 

7 2 3 y 5 p ~kmalti tude I have attempted t o  ca l cu la t e  such a curve 

i n  which b equals 10,000 and a equals 0.0527. 

In t h i s  formula, b i s  nothing more than t h e  square o f  t he  output developed 
a t  normal barometric pressure,  which i n  our case was equal t o  100. On the  
o t h e r  hand, a increases  with the bend o f  t he  curve and q u a l i f i e s  t he  value 
which t h e  output assumes a t  each pressure;  value a therefore  expresses t h e  
ind iv idua l  decrease i n  capab i l i t y  t o  perform a task a t  a re ta rded  barometric 
s t a t e .  

The p o s s i b i l i t y  of  expressing the  course o f  t he  phenomena with a formula 
which i s  a l s o  v a l i d  f o r  the  lower value o f  x i s  important i n  t h a t  we can 
thereby c a l c u l a t e  a t  what pressure the  capab i l i t y  t o  perform constant and 
vo lun ta r i ly  rhythmical work ceases. 

I t  would follow from the  above-given formula t h a t  work fa l l s  t o  zero a t  
a pressure  of 304 mm Hg (somewhat more than 7000 meters a l t i t u d e ) ,  and t h a t  
t h i s  pressure  represents  the l i m i t  at which on an average, muscular work can 
no longer  be  accomplished a t  a l l .  
value,  but  r a t h e r  with these which we received from one o f  the  test persons 
(Mar.), we have the value of 0.0447 for  a; work incapaci ty  d id  not occur f o r  
t h i s  t e s t  person u n t i l  a pressure of  239 mm Hg, which represents  an a l t i t u d e  
of approximately 9200 meters. 

Since w e  are no t  deal ing with average 
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We now wish t o  inves t iga t e  how t h i s  rap id  f a l l  i n  work capab i l i t y  comes 
about with severe pressure  reduction. There i s  no doubt t h a t  the  cause, a t  
l e a s t  f o r  the  most p a r t ,  i s  t h e  decrease i n  oxygen pressure  i n  the  a i r  and 
consequently i n  the  blood; bu t  does the  e f f e c t  o f  t h i s  decrease i n  pressure 
cons i s t  only of a dec l ine  i n  the  oxidation process i n  t h e  muscles, o r  i s  t h i s  
fact i n s u f f i c i e n t  t o  explain the  observed phenomena? 

We have seen t h a t  f o r  s i g n i f i c a n t  pressure reduct ions the  work curve 
remains almost constant  i n  i ts  beginning por t ion  a t  almost a l l  pressure  values ,  
s ince  the  work i s  accomplished a t  t he  cost o f  the  energy co l l ec t ed  i n  t h e  
muscles, without t h e  p a r t i c i p a t i o n  o f  the oxygen. This work could be accom- 
p l i shed  by t h e  muscles even i n  a completely oxygen-free environment, as has 
a l ready been demonstrated by Spallanzani,  except t h a t  i n  t h e  l a t te r  case t h e  
curve had a sharper  dec l ine  and sank rapidly t o  t h e  absc issa  a x i s .  

/270 

In  the  present  experiments, however, at  a pressure  which corresponded 
t o  an a l t i t u d e  of  7000 meters, 3 of the  4 t e s t  persons were i n  no condi t ion 
t o  perform even the  s l i g h t e s t  work. 

Therefore we must not  look f o r  the  cause o f  the  observed phenomena i n  the  
muscles a lone.  On t h e  o the r  hand it i s  apparent t h a t  a pathological  s t a t e  
o f  t h e  c e n t r a l  nervous system caused by anoxemia occurs,  whereby the  former 
becomes incapable  o f  c r ea t ing  and coordinating t h e  s t imulus which i s  supposed 
t o  cause the  cont rac t ions  i n  the  muscles. 

For t h i s  reason I have attempted to determine what f r a c t i o n  o f  the  t o t a l  
If  we assume t h a t  t he  maximum output which work was conducted anaerobical ly .  

a man can develop over an i n f i n i t e  period of t i m e  coincides  with the  highest  
poss ib l e  output  without need for  oxygen, then the  anaerobical ly  accomplished 
work w i l l  be equal t o  the d i f fe rence  between the  t o t a l  work and the  product 
o f  t he  output  i n  the  phase of constant work throughout t he  durat ion of the  
experiment. 

I have determined the  t o t a l  work done i n  each experiment by the  var ious 
t e s t  persons by measuring on the  accompanying curve t h e  a rea  between the  curve 
i t s e l f  and t h e  coordinate a x i s  and from t h i s ,  by means o f  the  values ex t rac ted  
from t h e  foregoing t a b l e s ,  have calculated the  work which was accomplished 
anaerobica l ly .  
barometr ic  pressure  as being equal t o  100, we rece ive  the  values summarized 
i n  the  fol lowing t a b l e  f o r  t he  various pressures:  

If  we pos tu l a t e  t he  anaerobical ly  accomplished work a t  normal 

TABLE 2 .  

__ ~ 

540 400 3 l? 

100 I 1 3  114 0 
100 1 101 131 I - 
100 s3 
100 - 

Mean . . . 100 108 127 0 

Pressure id0 
~- L .~ 

~ 
~ 

001. . . . . 
Gya. . . . . 
Mar. . . . . 
Nan. . . . . 
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I t  can be seen from the  above t ab le  t h a t  the  anaerobical ly  accomplished 
work increases  up t o  a c e r t a i n  l i m i t  with the  decrease i n  pressure ,  bu t  a f t e r  
passing t h i s  l i m i t  drops r ap id ly  t o  zero. 
accomplished work a t  decreased pressure had already been observed by me 
through determination o f  the  oxygen requirement a f t e r  a prescr ibed amount o f  
work [ll].  I t  seems t o  me t h a t  the  conclusion can be drawn from t h i s  t h a t  
the  e f f e c t  of  the  pressure  reduct ion first makes i t s e l f  apparent,  not  through 
a reduct ion of t he  muscular work s o  t ha t  the  muscles normally con t r ac t  under 
the  e f f e c t  of  normal s t imulus o f  t h e  nerve cen te r s ,  b u t  by an increase  i n  the  
oxygen requirement, which then overloads t h e  subsequent oxygen balance,  
whereby the  work of  t h e  constant phase is  decreased; i n  fact ,  t he  i n t e n s i t y  of 
t he  nervous stimuli going t o  t h e  muscles is  no t  weaker than t h e  s t i m u l i  
occurr ing a t  normal pressure ,  s ince  they cause muscle cont rac t ions  even under 
adverse condi t ions of oxygen requirement j u s t  as under normal pressure .  

An increase  i n  the  anaerobical ly  

1271 - 

I The e f f e c t  on the  nerve centers  would the re fo re  only occur a t  lower pres -  
sure ,  and almost suddenly, s o  t h a t  i t  would cause a r ap id  dec l ine  of every 
muscle a c t i v i t y ,  e spec ia l ly  i f  a b r i e f  muscular work has caused a f u r t h e r  
demand on the  oxygen ava i l ab le  t o  the  organism, so t h a t  the  nervous system, 
which has maintained i t s e l f  a t  f u l l  stimulus over a long time, suddenly loses  
i t s  capac i ty  t o  generate  any s t i m u l i ,  while t he  muscle i s  s t i l l  capable of  
work. 

Therefore the  anoxemia a c t s ,  a s  f a r  as the  reduct ion o f  work capabi l i ty  
i s  concerned, on the  muscles on one hand, i n  t h a t  it l i m i t s  t he  oxidat ion 
tak ing  p lace  there ,  and on t h e  c e n t r a l  nervous system on the  o ther .  

These experiments do not  permit us t o  determine how much o f  the  observed 
reduct ion of work capab i l i t y  can be ascribed t o  one o r  t he  o t h e r .  From t h e  
course of  the  curve represented i n  Figure 5 and from t h a t  which we have 
descr ibed,  we can never the less  conclude t h a t  t he  damaging inf luence exer ted  
by t h e  anoxemia on the  nerve centers  a t  massive reduct ions i n  pressure  ( a t  
least up t o  about 500 mm Hg) can be completely ignored, and t h a t  t h e  reduct ion 
i n  work c a p a b i l i t y  observed up t o  t h i s  l i m i t  i s  i n  an overwhelming majori ty  
a r e s u l t  
muscles. 
q u i t e  suddenly, a t  a pressure  of  300 t o  400 mm Hg, a t  which every voluntary 
muscle a c t i v i t y  becomes impossible.  

of t he  reduct ion of the  quant i ty  o f  oxygen ava i lab le  t o  the  
The e f f e c t  of the  oxygen shortage on the  nerve centers  then s e t s  i n  

Summa rv 

Determination of t he  work capab i l i t y  o f  human beings a t  various atmos- 
phe r i c  p re s su res  was conducted. 

I t  was observed t h a t  the capabi l i ty  t o  perform a constant maximum work 
decreased only slowly with t h e  reduction i n  pressure ,  and then between 400 
and 500 mm Hg (4000 t o  5000 meters i n  theo re t i ca l  a l t i t u d e )  decl ines  sharply 
t o  zero a t  a pressure o f  about 300 mm Hg (corresponding t o  7000 meters a l t i -  
t ude ) .  
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me amount of work which is  accomplished anaerobical ly  i n  the  voluntary 
muscles increases  a t  f irst  with the declining pressure up t o  about 400 mm Hg 
and then fa l l s  o f f  suddenly t o  zero a t  s l i g h t l y  less pressure (300 mm Hg). 

/272 - 

I t  can be concluded from the  course o f  t h e  experiments t h a t  t he  e f f e c t  
of t he  reduction of the oxygen pressure on t h e  dec l ine  i n  work capab i l i t y  i n  
the  f irst  phase must be regarded as a reduction i n  the  oxidation processes 
i n  the  muscles only i n  a second phase, with an even more severe reduction 
i n  the p a r t i a l  oxygen pressure are t h e  nerve centers  almost suddenly drawn 
i n t o  sympathy, so t h a t  they a re  no longer capable of forming motor s t imu l i .  

~' 
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